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Field emission or the emission of electrons into vacuum due to the quantum tunneling effect under high electric field, has been exploited for a number of applications. As it was found that the tubular phase of carbon has all the desirable electronic and structural properties for being an excellent field emitter, 1 microwave devices for spacecraft and satellite communications, 2 and flat panel displays 3 are strongly benefiting from the use of carbon nanotubes ͑CNTs͒.
At the same time, due to the rapid development of present-day technology, there is a strong need of a material whose performance does not degrade when operating in harsh conditions, e.g., at high temperatures or when subject to the bombardment of energetic particles and, for this reason, silicon carbide ͑SiC͒ is the prime choice candidate as a replacement of Si for the manufacture of electronics working in hostile environments. 4 The high energy difference between the sp 2 and sp 3 bonds ͑1.25 eV per Si-C pair 5 ͒, which makes the existence of a SiC graphitic phase impossible, has not hindered scientist from synthesizing SiC nanotubes ͑SiCNTs͒ ͑Ref. 6͒ so to make of SiCNTs a possible alternative to CNTs for field emitting applications. This has boosted the interest for SiCNTs in the recent years and several studies on the electronic properties of SiCNTs can be found in the literature. [7] [8] [9] [10] [11] It is known that SiCNTs are generally semiconductors, except for the ͑3,0͒ and ͑4,0͒ nanotubes which are metals, 7 and the band gap ͑E g ͒ is wider for larger tube diameters. 8 Armchair and chiral SiCNTs are indirect semiconductors while zig-zag are direct semiconductors. 8, 9 However, while it was demonstrated that, analogously to CNTs, [12] [13] [14] an applied uniaxial strain results in the modification of both E g width and band structure of SiCNTs, 10 the effects of an applied electric field on the electronic properties of SiCNTs are still an open question.
A transverse electric field F Ќ ͑perpendicular to the nanotube axis͒ reduces the E g of a boron nitride NT ͑BNNT͒ and this reduction is dependent on the diameter. 15 The F Ќ sensitivity of a nanotube was attributed to the bond ionicity but no explanation was put forward on its diameter dependence. As it is known that in SiC, C is more electronegative than Si, the questions that arise are: is the E g of SiCNT sensitive to an applied F Ќ ? Does such modification also depend on the diameter of the SiCNT?
In order to answer these questions, we examined the band structure and E g of five SiCNTs ͑two armchair and three zig-zag͒, as a function of F Ќ of intensities ranging from 0 to 0.20 V/Å, by the ab initio calculations code SIESTA. 16 The effect of core electrons was taken into account by employing Troullier-Martins norm-conserving pseudopontials 17 and the Perdew-Burke-Ernzerhof 18 form of the generalizedgradient approximation ͑GGA͒ was used for the exchange correlation potential. A double-plus polarization was used as atomic orbitals basis set throughout the calculations. The SiCNTs employed in this study have 72 ͓for the ͑18,0͒ SiCNT͔ or 64 atoms which, except for the ͑8,0͒ and ͑8,8͒ SiCNTs, correspond to the total number of atoms in the unit cell. A layer of approximately 15-20 Å vacuum in the lateral directions was used to avoid artificial tube-tube interactions. The equilibrium configurations of the SiCNTs were obtained by relaxing the atomic coordinates with a conjungate gradient algorithm, until the maximum atomic forces were less than 0.025 eV/Å and the stress tensor less than 0.5 GPa. To speed up the calculations we used a 0.02 Ry energy shift to compress the basis set. The charge density was projected onto a real space grid with an equivalent cutoff of 90 Ry and 8 Monkhorst-Pack special k-points 19 along the nanotube axis ensured the convergence of the calculations. For the unit cells of both armchair and zig-zag SiCNTs we observed an increase in E g of less than 0.01 eV by either rising the cutoff to 180 Ry or to increase the k-points to 32. By decreasing the energy shift value from 0.02 to 0.01 Ry, an increase in E g of 0.01 eV and less than 0.02 eV for the unit cells of armchair and zig-zag SiCNTs, respectively, was observed.
In Table I , details of the examined SiCNTs ͑diameter, number of atoms, and E g ͒ are presented. It can be seen that the values of E g are in good agreement with those of Wu et al. 7 and, accordingly to previous reports, smaller diameter SiCNTs have smaller E g because of − orbitals rehybridization due to the higher curvature. 8 In Fig. 1 , the band structure of the ͑8,0͒ and ͑8,8͒ SiCNTs for F Ќ of 0 and 0.20 V/Å are presented. Zig-zag SiCNTs are direct semiconductors at the ⌫ point ͓Figs. 1͑a͒ and 1͑b͔͒ and the application of F Ќ has only a weak effect on E g ͓Fig. 1͑b͔͒ as the estimated E g reduction is about less than 1% of the zero field value ͓Fig. 1͑b͔͒. Armchair SiCNTs are indirect semiconductors with a minimum of the conduction band ͑E C ͒ at X and a maximum of the valence band ͑E V ͒ on the ⌫-X direction. However, in the case of the ͑8,8͒ SiCNTs supercell ͓Figs. 1͑c͒ and 1͑d͔͒ the X point is projected on the ⌫ point of the first Brillouin zone. The application of F Ќ results in the reduction in the E g ͓Fig. 1͑b͔͒ of about 25% of the zero field value E g0 . In order to explain the mechanism for E g reduction, the behavior of the molecular orbitals under F Ќ of intensities 0 and 0.20 V/Å, is analyzed.
In Fig. 2 the lowest unoccupied and highest occupied molecular orbitals ͑LUMO and HOMO, respectively͒ for the ͑8,0͒ SiCNT, are shown. For the 0 V/Å electric field, the LUMO ͓Fig. 2͑a͔͒ and HOMO ͓Fig. 2͑b͔͒ are uniformly distributed along the nanotube. Due to the higher electronegativity of C atoms, the HOMO are localized around the C atoms ͑in black͒ while the LUMO is localized around the Si atoms ͑gray͒. The presence of F Ќ induces the formation of an electric dipole moment p, that means redistribution of both LUMO ͓Fig. 2͑c͔͒ and HOMO ͓Fig. 2͑d͔͒ along the direction of F Ќ ͑visualized with a black arrow͒. The LUMO ͑positive charges͒ are for the most part localized on the lower side of the tube, while the HOMO ͑negative charges͒, on the upper side.
In Fig. 3 , the LUMO and HOMO for the ͑8,8͒ SiCNT are displayed. The presence of F Ќ results in the formation of a dipole with the redistribution of the LUMO and HOMO along the direction of the electric field and such orbital redistribution is more distinct than for the case of the ͑8,0͒ SiCNT.
As the F Ќ induces the formation of an electric dipole, one region of high electrostatic potential ͓Figs. 2͑c͒ and 3͑c͔͒ and one region of low electrostatic potential ͓Figs. 2͑d͒ and 3͑d͔͒ are formed. From an energy point of view, this means a decrease in the energy of the LUMO and an increase in that of the HOMO, which causes the narrowing of E g . Yet, for the case of the ͑8,0͒ SiCNT, shown in Fig. 2 , hints of the HOMO can still be seen in the lower part of the tube and in addition, a region where both LUMO and HOMO coexist can be also seen halfway along the direction of F Ќ . These two factors combined, prevent the E g from decreasing any further 11 thus explaining why the E g of the ͑8,0͒ SiCNT is less sensitive to an electric field than that of the ͑8,8͒ SiCNT, for which the two regions are more distinctly separated. Figure 4 shows the behavior of E g as a function of F Ќ for the SiCNTs investigated in this study. It can be seen that SiCNTs with roughly the same diameter ͓͑16,0͒ and ͑18,0͒ nanotubes or ͑8,8͒ and ͑16,0͒ nanotubes͔ display the same behavior under F Ќ and the larger the diameter, the more sensitive the SiCNTs are to F Ќ . In order to explain the reason for the diameter dependence, we can invoke the definition of p which is known to affect the values of E g , as follows: 11   TABLE I 
where p 0 is the spontaneous dipole moment and ␣ is the electric polarizability which, for a homogeneous electric field can be defined as 20 where U is the total energy of the SiCNT. If we consider a fixed value of F Ќ then, an increase in the value of ␣, would correspond to higher values of p, meaning that ␣ is responsible for the E g reduction. In fact, Wu et al. 7 reported that ␣ is directly proportional to the diameter of SiCNT and since higher values of p mean lower E g , the larger the diameter the smaller E g becomes.
Based on the dependence of the E g reduction on ␣ ͑or the diameter͒, we found that the behavior of E g versus F Ќ can be described by a y = a + b ϫ x c function, by setting a as the E g at zero field ͑E g0 ͒, b as a free parameter and c =5/ 4. In order to introduce the diameter D dependence, we fitted the values of b ͑for each of the studied SiCNTs͒ versus D, obtaining B = 3.4− 0.36ϫ D − 0.014ϫ D 2 . We thus derived the following equation:
which describes the E g reduction as a function of F Ќ for a chosen SiCNT ͑by setting E g0 and D͒. We fitted the electric field dependence of the band gap for ͑8,8͒, ͑16,0͒, and ͑16,16͒ SiCNTs according to Eq. ͑2͒ ͑red solid lines͒ and, as it can be seen, our model describes quite well the behavior of the three SiCNTs. To further confirm the validity of the proposed model, we applied it to the case of the ͑13,0͒ SiCNT. By setting D = 12.8 Å and E g0 = 1.85 eV, we find that for an electric field of 0.1 and 0.2 V/Å, E g becomes 1.65 eV and 1.37 eV, respectively, which is in good agreement with the corresponding values found by our ab initio calculations ͑1.66 eV and 1.36 eV for 0.1 V/Å and 0.2 V/Å, respectively͒.
In summary, the band gap of five SiCNTs was investigated as a function of a transverse electric field. It was found that the induced electric dipole, due to the rearrangement of the molecular orbitals, is responsible for the decrease in the band gap values. The sensitivity of the E g of SiCNTs to the electric field was explained in terms of electric polarizability, and an analytic function was defined to model the change in band gap as a function of the electric field.
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